In this study, we have developed a novel method for ilmenite activation. Sodium hypochlorite was used as an oxidant and surface modifier to promote ilmenite flotation. And it has successfully been performed valence transitions of iron atoms on the ilmenite surface, thereby enhancing the action activity between the surface sites of ilmenite and sodium oleate. Eventually the surface Fe 3+ content increased from 42.15 to 63.79%. Oxidation by sodium hypochlorite increased the amount of Fe 3+ on the ilmenite surface by 21.64% and improved the ilmenite recovery to 95%, while the maximum recovery of ilmenite without sodium hypochlorite addition was only 85%. The activation mechanism of ilmenite by sodium hypochlorite was studied by batch flotation, Zeta potential measurement, Xray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), and reaction thermodynamic analysis. The results of potential measurement show that sodium hypochlorite made the Zeta potentials of ilmenite-sodium oleate system more negative mainly due to the enhanced adsorption effect between them. FTIR results indicate that more prominent absorption peak of iron oleate appeared in the FTIR spectrum of ilmenite treated with sodium oleate after sodium hypochlorite oxidation. XPS analyses suggest that more Fe 2+ on ilmenite surface supplied electrons to the oxidant and formed more Fe 3+ . Reaction thermodynamic analyses also show that compared with Fe 2+ , Fe 3+ was more likely to interact with oleate ions and formed more stable species. In summary, sodium hypochlorite can activate ilmenite and improve its flotation.
Introduction
Ilmenite is the most important ore source in the industrial production of Ti [1] . Its molecular formula is FeTiO 3 , and its theoretical TiO 2 content is 52.66 wt% [2] . Ilmenite has a high density and conductivity, and is weakly magnetic, therefore is commonly recovered by gravity concentration, magnetic separation, flotation, and electrostatic separation. However, because of the low-grade, fine-grained dissemination, and complex characteristics of currently used ilmenite resources, it is often difficult to obtain the ideal recovery index by a traditional single separation method. Commonly, ilmenite displays moderate floatability under conventional flotation conditions. Various surface modification techniques such as use of efficient collectors, and pretreatment or surface modification have been investigated in attempts to improve ilmenite recovery [3] . Surface modification is a useful tool for adjusting properties such as biocompatibility, wettability and adhesion [1, 4] . Use of a selective activator in flotation can significantly improve the floatability differences between valuable and gangue minerals [5] . Tw o surface modification approaches are generally used to increase the number of surface active sites of minerals, which include various metal minerals, such as ilmenite, sphalerite, malachite. One is to change the valence state or atomic structure already presents on the surface, and the other is to introduce new active elements on the mineral surface [6] [7] [8] [9] .
The addition of active components on the ilmenite surface is currently the more common activation method. Fan and Rowson [10] and Fan et al. [11] studied the mechanism of ilmenite activation with lead (Pb) ions. They suggested that Pb ions were selectively adsorbed on the electric double layer of ilmenite, which increased the ilmenite surface potentials, and this was conducive to the adsorption of anionic collectors. Some scholars [12] [13] [14] [15] suggested that ilmenite activation by Pb ions involved Pb ion adsorption on the ilmenite surface, in which chemical adsorption played a leading role. XPS indicated that formation of a Fe-O-Pb complex on the ilmenite surface was beneficial to collector adsorption [12] . All of the above studies show that adding active components can increase the number of active sites on the ilmenite surface.
Another activation method involves changing the atomic structure or valence of the target mineral surface by specific methods such as roasting or microwave irradiation and ultrasonic treatment [16] [17] [18] [19] [20] [21] . Fan and Rowson [20] used microwave energy as a novel method for modifying ilmenite surface properties and improving ilmenite flotation. Their results indicated that pretreatment by microwave irradiation was an effective method for modifying ilmenite surface properties and improving ilmenite flotability. Exposure to microwave radiation for a short time increased ilmenite recovery by about 20% [22] . Fan et al. [22] suggested that microwave exposure speeded up the oxidation of Fe 2+ to Fe 3+ on the ilmenite surface. This enhanced oleate ion adsorption and therefore improved the ilmenite flotation behavior [22] . Nuri et al. [23] and Irannajad et al. [24] studied the effects of microwave irradiation on the ilmenite surface properties. Mehdilo and Irannajad [25] explored the effects of microwave irradiation and oxidation roasting (a conventional heating method) on ilmenite surface properties and flotation behavior. The pretreatment improved the ilmenite hydrophobicity because more oleate ions were able to enter the Helmholtz layer. This promoted the formation of ferric oleate, which was more insoluble than the ferrous oleate [25] . Parapari et al. [26, 27] and Nuri et al. [28] studied the effects of surface dissolution using sulfuric acidon the physicochemical properties of ilmenite. Their results showed that pretreatment by acid dissolution converted the valence state of iron atoms. In addition, Shu et al. [21] found that the flotation recovery of ilmenite could be significantly improved by ultrasonic pre-treatment. These surface modification methods all result in an increase in the abundance of ferric species on the ilmenite surface. The ilmenite flotability can be improved because the ferric species can form more insoluble layers on the ilmenite surface and increase the chance of capture of ilmenite particles by air bubbles [12, 29] .
Essentially, microwave irradiation, oxidation roasting and ultrasonic pre-treatment can promote ilmenite flotation by oxidizing Fe 2+ on the ilmenite surface to Fe 3+ . Preoxidation-flotation has also been studied in the flotation of sulfide ores [30] [31] [32] . Yin et al. [30] used microflotation test, Zeta potential measurement, infrared (IR) spectroscopy, adsorption measurement, and XPS to investigate the effects of calcium hypochlorite on the flotation separation of covellite and pyrite with ammonium dibutyl dithiophosphate. Their flotation results showed that calcium hypochlorite depressed pyrite selectively and had little effect on covellite at pH 10 [30] . Liu et al. [31] assessed the depressing effects of calcium hypochlorite on the flotation separation of galena and jamesonite in highly alkaline systems. Their flotation results showed that the flotation behaviors of galena and jamesonite differed substantially from each other in highly alkaline systems. The addition of calcium hypochlorite depressed jamesonite flotation, but the depressant was unselective against galena [31] .
But both the energy consumption and processing cost of the microwave irradiation, oxidation roasting and ultrasonic pre-treatment are too high, so their industrial application potential is limited. Based on the above analyses, we proposed that using an oxidant to convert Fe 2+ in ilmenite surface to Fe 3+ in solution is a relatively economical technique. Sodium hypochlorite is a common oxidant reagent, so in this study, sodium hypochlorite was used as a surface modifier for activation of ilmenite. The activation mechanism of ilmenite by sodium hypochlorite was thoroughly investigated in a sodium oleate system by using batch flotation, Zeta potential measurement, XPS, FTIR, and thermodynamic calculation.
2.
Materials and methods
Materials
The ilmenite used in the experiments was obtained from Panzhihua, China; it was repeatedly purified by physical methods, namely magnetic separation and gravity concentration. The ilmenite was sieved and samples of sizes ranging from 38 to 74 m were used for flotation tests. Multi-element analysis of the samples showed that the TiO 2 content of the ilmenite was 48.88%, therefore the ilmenite sample purity was greater than 90%. Fig. 1 shows the powder X-ray diffraction (XRD) pat- tern of the ilmenite. The sample consisted mainly of ilmenite with a few gangue minerals, and was therefore suitable for our current study. The chemical reagents used in the experiments were all from China, as follow: sodium oleate (Tianjin Guangfu Fine Chemical Research Institute, Tianjin), sodium hypochlorite (Tianjin Fuyu Fine Chemical Co., Ltd.) and potassium chloride (Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd.), H 2 SO 4 and NaOH (Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd.). All experiments were performed with deionized water and analytical grade chemicals.
Batch flotation
Flotation tests were performed with a 40 mL XFG trough-type flotation machine with a rotary speed of 1600 r/min at a flotation temperature of 25 • C. In each test, the ore sample (2 g) was placed in the flotation cell. Deionized water (30 mL) was added and the mixture was stirred for 1 min. A pH adjuster was then added and the mixture was stirred for 2 min. After addition of sodium hypochlorite, the mixture was stirred for 3 min. Finally, sodium oleate was added and the mixture was stirred for 3 min. The flotation time was 3 min. The dosages of sodium oleate and sodium hypochlorite were 1.75 × 10 −4 and 5 × 10 −4 mol/L, respectively. After flotation, the scraped froth, which was used as the concentrate, was collected, dried, and weighed, and the recovery was calculated.
Zeta potential measurement
Zeta potential measurements were performed with a Zetasizer Nano Zs 90 (Malvern Instruments Co., Malvern, UK). The Zeta potential measurements were performed as follows. The ore sample was finely ground to a particle of less than 2 m. The powder sample (100 mg) was placed in a beaker with a certain amount of DI water containing an electrolyte solution (1 × 10 −3 mol/L KCl) as the background electrolyte. The solution pH was adjusted with H 2 SO 4 or NaOH to give either acidic or basic conditions. Various reagents were then added to give the same solution conditions as in the flotation tests. The mixture was stirred for 12 min with a magnetic stirrer, and the Zeta potential was determined. During the measurements, the sodium oleate concentration was 1.75 × 10 −4 mol/L, and that of sodium hypochlorite was 5 × 10 −4 mol/L. All Zeta potential measurements were repeated 3 times to estimate the average values.
FTIR spectroscopic analysis
Attenuated total reflectance FTIR spectra were recorded with a Nicolet iS 10 Spectrometer (Nicolet Instrument Corporation, USA) in the range 400-4000 cm −1 . The powder sample (2 g) was placed in a beaker. Deionized water (30 mL) was added and the solution pH was adjusted with H 2 SO 4 or NaOH to give either acidic or basic conditions. Various reagents were then added to give the same conditions as in the flotation tests, and the mixture was stirred for 9 min with a magnetic stirrer. The mixture was centrifuged to achieve solid-liquid separation. The liquid was removed and the solid was washed twice with deionized water of the same pH as the flotation system, and dried at 35 • C. The FTIR spectrum was then recorded.
XPS analysis
Deionized water (30 mL) was added to the sample and the slurry pH was adjusted with H 2 SO 4 or NaOH to give either acidic or basic conditions. Various reagents were added to give the same conditions as in the flotation tests, and the mixture was stirred for 9 min with a magnetic stirrer. The mixture was centrifuged to achieve solid-liquid separation. The supernatant was removed and the solid was washed twice with deionized water of the same pH as that of the flotation system, and dried at 35 • C in a vacuum oven. The solid was examined by XPS (PHI5000 VersaProbe II, Japan, 200 W, monochromatic Al K␣ radiation, 1486.7 eV). The vacuum pressure inside the analytical chamber was kept below 1 × 10 −6 Pa. The acquired data were processed using Multi-Pak software; binding energies were calibrated against the C1s peak of adventitious carbon, at 284.8 eV. Narrow-scan spectra were fitted using the Gauss-Lorentz method. Fig. 2 shows the effects of sodium hypochlorite on ilmenite recovery under different pH conditions. The results indicate that when sodium oleate was used as the collector at pH 5-8, the flotation recoveries of ilmenite treated with sodium hypochlorite and that without treatment increased with increasing pulp pH. The recovery was highest at pH 8. The ilmenite recovery before sodium hypochlorite addition was close to 85%, whereas that after adding sodium hypochlorite was close to 95%. The recovery of ilmenite treated with sodium hypochlorite was higher than that of untreated ilmenite in the pulp pH range 5-10. This indicates that sodium hypochlorite can improve the ilmenite flotation across a broad range of pulp pH values. The increase in ilmenite recovery after sodium hypochlorite addition under weakly acidic conditions was higher than that under weakly alkaline conditions. This may be because the intensities of the interactions between Fe 3+ /Fe 2+ and oleate ions under weakly acidic conditions were greater than those under alkaline conditions [25] . In summary, the flotation results show that sodium hypochlorite had a novel activation effect on ilmenite. Fig. 3 shows the effects of pH on the Zeta potentials of ilmenite treated under various conditions. The results show that the isoelectric point for untreated ilmenite was approximately 5.2, which is in agreement with previously reported values [10, 33] . Fig. 3 shows that treatment with sodium oleate made the ilmenite Zeta potentials more negative. The Zeta potential also became more negative with increasing pH, which indicates that sodium oleate was adsorbed on the ilmenite surface. The Zeta potentials of the sodium oleate system at pH 5-10 were more negative than those of the system without sodium hypochlorite treatment. The difference between the Zeta potentials (near 4.5 mV) of the ilmenite surface before and after treatment was greater under weakly acidic conditions than that under alkaline conditions; this may be related to the intensities of the interactions between Fe 2+ /Fe 3+ and oleic acid at different pH values. The Zeta potential results show that sodium hypochlorite can enhance the interaction between sodium oleate and ilmenite, thereby improving the ilmenite recovery. This is consistent with the results of the batch flotation tests.
Results and discussion

Batch flotation
Zeta potential measurements
FTIR spectroscopic analysis
The mechanism of ilmenite activation with sodium hypochlorite was investigated by recording FTIR spectra of ilmenite samples treated under different conditions. Fig. 4 shows the IR spectra of four samples, i.e., sodium oleate, ilmenite, ilmenite + sodium oleate, and ilmenite + sodium hypochlorite + sodium oleate.
The IR spectrum of sodium oleate shows absorption peaks at 2917.71 and 2850.25 cm −1 , which corresponded to the symmetric stretching vibrations of methyl and methylene CH bonds, respectively, in sodium oleate [34] [35] [36] . The peaks at 1559.78, 1461.43, 1444.94, and 1423.98 cm −1 were all carboxyl absorption peaks; the peak at 1559.78 cm −1 corresponded to the asymmetric stretching vibration of COO − , and those at 1461.43, 1444.94, and 1423.98 cm −1 corresponded to the symmetric stretching vibrations of COO − . Fig. 4(c) shows that several new absorption peaks appeared in the IR spectrum of ilmenite treated with sodium oleate. The peaks at 2921.65 and 2851.23 cm −1 corresponded to the sym- Table 1 -Binding energy of elements on the ilmenite surface before and after interaction with NaClO using sodium oleate as a collector: a ilmenite, b ilmenite + NaClO, c ilmenite + NaOL, d ilmenite + NaClO + NaOL (OL = oleate).
Samples
Binding Fig. 4(d) shows the IR spectrum of ilmenite activated with sodium hypochlorite and treated with sodium oleate. The IR spectrum of ilmenite under these conditions contained new absorption peaks, similar to those that appeared in the spectrum of the sample treated with only sodium oleate (Fig. 4c ). Absorption peaks corresponding to the symmetric stretching vibrations of methyl and methylene CH bonds in sodium oleate appeared at 2932.82 and 2853.90 cm −1 , which indicates sodium oleate adsorption on the ilmenite surface. Absorption peaks corresponding to COO − in sodium oleate appeared at 1434.44, 1457.09, 1504.74, and 1573.05 cm −1 . The peaks at 1457.42 cm −1 in Fig. 4(c) and 1457.09 cm −1 in Fig. 4(d) were both close to that of ferric oleate, at 1460 cm −1 [34, 36] . These results indicate chemisorption of sodium oleate on the ilmenite surface. Shu et al. [21] and Nuri et al. [37] pointed out that the surface area at the characteristic absorption peak could reflect the intensity of the interactions between reagent and ilmenite. Therefore, as seen from Fig. 4(c) and (d), the surface area under spectra at 2923.77, 2852.29 and 1573.05 cm −1 for oxidized ilmenite is more than that of the unoxidized one. This indicates that sodium hypochlorite increased the intensity of the interactions between sodium oleate and ilmenite, which is consistent with the flotation test results and Zeta potential measurements.
XPS analysis
XPS analysis was performed on ilmenite before and after treatment with sodium oleate and sodium hypochlorite to explore the mechanism of ilmenite activation with sodium hypochlorite. In the following XPS analyses, samples a, b, c, and d corresponded to ilmenite, ilmenite + sodium hypochlorite, ilmenite + sodium oleate, and ilmenite + sodium hypochlorite + sodium oleate, respectively. The XPS full spectrum and fine-energy scanning results were used to determine the binding energies, chemical shifts, and changes in valence states of elements on the mineral surface before and after treatment (see Tables 1-3 ). Fig.5 shows the XPS survey spectra of ilmenite surfaces under various conditions.
The data in Table 1 show that the Fe2p, O1s, and Ti2p binding energies on the ilmenite surface shifted after treat- ment with sodium hypochlorite and sodium oleate. The shift in the binding energy of Ti2p was lower than those of Fe2p and O1s, which indicates that the effects of sodium oleate and sodium hypochlorite on Ti2p were less than those on Fe2p and O1s. The interaction between Ti and sodium oleate could be physical adsorption, whereas that between Fe2p and sodium oleate could be a chemical reaction, which is consistent with previous research results [12] . The Fe2p binding energies for samples b, c, and d showed positive shifted after treatment with sodium oleate or sodium hypochlorite. The Fe 2+ in sample c could bond with oleate ions. For samples b and d, electrons from Fe 2+ could be transferred to sodium hypochlorite, and the newly formed Fe 3+ could bond with oleate ions. Fig. 5 also shows the atomic concentrations on ilmenite surfaces treated under different conditions. The data indicate that the C1s contents of samples c and d after treatment with sodium oleate were significantly larger than those of samples a and b, which were not treated with sodium oleate. This shows that sodium oleate was adsorbed on the ilmenite surface, which is consistent with results of the flotation tests and Zeta potential measurements. The binding energies and chemical shifts of Fe 2+ and Fe 3+ in different samples and the total Fe contents were determined by using Multi-Pak data processing software for differentiation and simulation of the Fe2p peak in the ilmenite XPS spectrum [12, 38, 39] (see Table 2 ). The results show that after treatment with sodium hypochlorite the Fe 2+ contents of samples a and b decreased from 57.85 to 36.21%, and those of Fe 3+ increased from 42.15 to 63.79%. The amount of Fe 3+ on the ilmenite surface increased by 21.64% as a result of oxidation by sodium hypochlorite. Sample c was not oxidized by sodium hypochlorite but oxidation occurred during the flotation process because of the presence of oxygen in the air. Some of the Fe 2+ in sample c was converted to Fe 3+ ; the Fe 3+ content increased from 42.15 to 54.38%. The presence of oxygen increased the amount of Fe 3+ in sample c by 12.23%, which is consistent with the results reported by Zhu et al. [34] . The oxidation effect of oxygen on ilmenite was relatively weak. The oxidation capacity of sodium hypochlorite is much stronger than that of oxygen. Therefore, sodium hypochlorite can promote ilmenite flotation better, because sodium hypochlorite can convert more Fe 2+ into Fe 3+ than oxygen. Sample d was affected by cooxidation with sodium hypochlorite and oxygen; this resulted in the highest increase in the Fe 3+ content, to 67.29%, and the Fe 2+ content decreased to 32.71%. Compared with that of sample a, the Fe 3+ content of sample d increased by 25.17%. These results indicate that oxidation by sodium hypochlorite promoted the conversion of Fe 2+ to Fe 3+ on the ilmenite surface.
In addition, O1s narrow-spectrum scans of the ilmenite surfaces were performed [39] (see Table 3 ). The results show that there were no obvious differences among the Ti-O contents of the four samples. Ti mainly interacted with sodium oleate via physical adsorption, which is consistent with previous research results [12] . After treatment with sodium oleate, the Fe(III)-O-C contents of samples c and d reached 35.90% and 43.54%, respectively. These values were greater than the respective Fe(II)-O-C contents (c: 28.48%; d: 21.61%), which indicates that sodium oleate was more likely to interact with Fe(III)-O. The Fe(III)-O-C content of sample d, which was treated with sodium hypochlorite, was higher than that of sample c. This further indicates that sodium hypochlorite promoted the formation of Fe 3+ on the ilmenite surface, making ilmenite more likely to interact with sodium oleate, which was consistent with the results of flotation, Zeta potential test and infrared spectrum test. Fig. 6 shows the high-resolution XPS spectra of oxygen on ilmenite surface under various conditions, and Fig. 7 shows the high-resolution XPS spectra of iron on ilmenite surface under various conditions.
Reaction thermodynamic analysis
The crystal structure and surface properties of ilmenite indicate that the ilmenite surface is rich in active Fe 2+ and Ti 4+ sites, which can interact with some collectors [10, 11, 27] . However, Ti 4+ and Fe 2+ cannot simultaneously act as flotation active sites at specific pH values. In strongly acidic media, i.e., pH 2-3, oleate ions are more likely to interact with Ti 4+ , whereas interactions between oleate ions and Fe 2+ are more likely to occur in weakly acidic or weakly basic solutions [10, 11, 27] . The active sites on the ilmenite surface are therefore not fully used for flotation, and only half of them perform their function [10, 11, 27] . However, oxidative activation can improve the functions of these active sites. We therefore performed a thermodynamic analysis of valence state conversions of ilmenite surface atoms by adding an oxidant artificially. The standard Gibbs free energy change ( G ) for the reactions of Fe 3+ and Fe 2+ with sodium oleate (NaOL) were determined by using reaction thermodynamic calculations [40] . The equations are:
The side reaction coefficients for oleate ions with protons are
The side reaction coefficients for Fe 2+ and Fe 3+ arę 
G Fe 3+ =RTlnLs ' =RTln(Ls Fe(OL) 3˛Fe 3+˛3 (OL) ) (
In Eqs. (1)-(8), Ls Fe(OL) 2 and Ls Fe(OL) 3 are the solubility products of ferrous oleate and ferric oleate, respectively (Ls Fe(OL) 2 = 1 × 10 −15.4 and Ls Fe(OL) 3 = 1 × 10 −34.2 ); K H is the constant associated with oleate ion protonation (K H = 1 × 10 −6 ); ˇn and ˇ' n are the cumulative stability constants for hydroxy complexes of Fe 2+ and Fe 3+ , respectively (see Table 4 ); ˛( OL) is the side reaction coefficient for the oleate ion; and ˛F e 2+ and ˛F e 3+ are the side reaction coefficients for Fe 2+ and Fe 3+ .
Eqs. (1)-(8) can be used to determine the relationship between pH and the standard Gibbs free energies ( G ) of the reactions of Fe 2+ and Fe 3+ with sodium oleate (see Fig. 8 ). Fig. 8 shows that the △G values for the reactions between Fe 2+ and Fe 3+ with sodium oleate are less than zero in the pH range 0-14. This indicated that Fe 2+ and Fe 3+ can spontaneously react with sodium oleate in this pH range. Fe 2+ has the most negative G Fe 2+ value under weakly acidic to weakly alkaline conditions in the range pH 0-14, which showed that Fe 2+ is more likely to react with sodium oleate near such pH values. In contrast, the G Fe 3+ value of Fe 3+ is most negative near weakly acidic pH values, which indicated that a weakly acidic pH is optimum for the reaction of Fe 3+ with sodium oleate. The results show that G Fe 3+ is much smaller than G Fe 2+ under weakly acidic conditions and near neutral pH, which indicated that sodium oleate preferentially interacts with Fe 3+ within this pH range. The difference between G Fe 3+ and G Fe 2+ is relatively small under nearly alkaline conditions. These analyses further explain the oxidation and activation of ilmenite by sodium hypochlorite under different pH conditions.
Suggested activation mechanism
Parapari et al. [26, 27] suggested that after surface dissolution, some Fe 2+ ions on the ilmenite surface are converted to Fe 3+ . In the flotation pulp, Fe 3+ is present on the ilmenite surface in the form of Fe(OH) 3 . When a collector is added, oleate ions (OL − ) are adsorbed on the ilmenite surface via an ion-exchange reaction [41] :
Zhong and Cui [41] found that the ferric iron oleate [Fe(OL) 3 , K sp = 10 -29.7 ) formed on the ilmenite surface is more insoluble than the ferrous iron oleate [Fe(OL) 2 , K sp = 10 -15.5 ). The formation of an insoluble layer of ferric iron oleate increases the ilmenite hydrophobicity and increases the chance of ilmenite particles being captured by air bubbles, and therefore improved ilmenite flotation [26, 41] .
The flotation tests in this study confirmed that sodium hypochlorite improves ilmenite recovery when sodium oleate is used as a collector at pH 5-10. XPS analysis showed that sodium hypochlorite addition increases the amount of Fe 3+ on the ilmenite surface.
Based on previous studies and the results of this study, we propose a mechanism for the interactions among ilmenite, sodium hypochlorite, and sodium oleate (see Fig. 9 ), which may involve the following reactions:
Fe 3+ +3OL − = Fe(OL) 3 (12) Fe 2+ +2OL − = Fe(OL) 2 (13) 
Conclusions
In this study, batch flotation test, Zeta potential measurement, XPS, FTIR spectroscopy, and reaction thermodynamic calculation were used to investigate the mechanism of ilmenite activation with sodium hypochlorite in a sodium oleate system. The following conclusions were made.
(1) At pH 5-10, sodium hypochlorite effectively promoted ilmenite flotation; the highest recovery achieved was over 95%. (2) At pH 5-10, the Zeta potentials of ilmenite conditioned with sodium hypochlorite and sodium oleate were more negative than those of ilmenite treated with only sodium oleate. The difference between the Zeta potentials of these two systems was highest (near 4.5 mV) under weakly acid conditions and at neutral pH. (3) The characteristic peaks of ferric oleate appeared near 1460 cm −1 in the IR spectrum of ilmenite treated with sodium oleate after sodium hypochlorite activation. (4) Sodium hypochlorite captured electrons from Fe 2+ in ilmenite to form Fe 3+ and promoted valence transitions of iron ions. Reaction thermodynamic analyses also show that compared with Fe 2+ , Fe 3+ was more likely to interact with oleate ions and formed more stable species, which ultimately improved flotation recovery of ilmenite.
Conflict of interest
We declare that we do not have any commercial or associative interest that represents a conflict of interest in connection with the work submitted.
